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Abstract 

Iron insufficiency is a worldwide problem in human diets. In cereals like wheat, the bran layer of the grains is an impor- 
tant source of iron. However, the dietary availability of iron in wheat flour is limited due to the loss of the iron-rich bran 
during milling and processing and the presence of anti-nutrients like phytic acid that keep iron strongly chelated in the 
grain. The present study investigated the localization of iron and phosphorus in grain tissues of wheat genotypes with 
contrasting grain iron content using synchrotron-based micro-X-ray fluorescence (micro-XRF) and micro-proton- 
induced X-ray emission (micro-PIXE). X-ray absorption near-edge spectroscopy (XANES) was employed to determine 
the proportion of divalent and trivalent forms of Fe in the grains. It revealed the abundance of oxygen, phosphorus, 
and sulphur in the local chemical environment of Fe in grains, as Fe-O-P-R and Fe-O-S-R coordination. Contrasting 
differences were noticed in tissue-specific relative localization of Fe, P, and S among the different genotypes, sug- 
gesting a possible effect of localization pattern on iron bioavailability. The current study reports the shift in iron distri- 
bution from maternal to filial tissues of grains during the evolution of wheat from its wild relatives to the present-day 
cultivated varieties, and thus suggests the value of detailed physical localization studies in varietal improvement 
programmes for food crops. 
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Introduction 

Iron deficiency is the most prevalent micronutrient insuf- 
ficiency, affecting more than 1.6 billion people worldwide, 
particularly women and children (Grimm et a/., 2012). The 
diet in resource-poor countries is based on staple cereal 
grains which are particularly poor sources of iron (Lee et al. , 
2012). Cultivation for high yields has led breeders to develop 
varieties for high yields rather than nutritional quality, lead- 
ing to an inadvertent rise in mineral deficiency (Zhao et al. , 
2009). In order to enhance the level of iron in grains and their 
dietary availability, it is important to understand the uptake, 
transport, and distribution of iron in plants and sink organs 



and their relationship with plant growth and development 
and dietary bioavailability. 

Graminaceous plants have evolved a distinct mechanism 
for iron uptake, known as 'chelation' strategy, which is similar 
to that of many bacteria and fungi. This strategy is considered 
as an adaptation to alkaline soils where acidification of the 
rhizosphere is difficult (Ma and Nomoto, 1996). Root cells 
secrete phytosiderophores to strongly chelate iron and take 
up the Fe(III)-phytosiderophore complex via transporters 
called Yellow Stripel (YS1) (Curie et al. , 2001). Inside the root 
cells, iron is complexed with nicotianamine acid and moves 
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symplastically through the interconnected cytoplasm. Iron is 
then effluxed into the vascular system for long-distance trans- 
port and is unloaded into the sink tissues: buds, tips, and seeds 
(Hell and Stephan, 2003; Morrissey and Guerinot, 2009). 
During grain development, metal ions are remobilized from 
leaves to developing grains via phloem tissues, due to xylem 
discontinuity and seeds being non-transpiring organs (Hell 
and Stephan, 2003; Tanaka et al, 2007). In the wheat grains, 
vascular cells are embedded in the ground tissue (parenchyma 
which retains protoplasm in the cells), which serves as a sym- 
plastic compartment for delivering the imported nutrients 
into the specialized apoplasmic endosperm cavity. Nutrients 
are retrieved from the endosperm cavity by specialized trans- 
fer cells of the aleurone located at the interface of maternal 
and filial tissue (Patrick and Offler, 2001). 

When developing biofortification strategies for a grain, it 
is important to understand the localization of iron in differ- 
ent tissues within the seed (Conte and Walker, 2011). Very 
little is known about mineral distribution in different tis- 
sues and specific cell types in grains (Stomph et al, 2011). 
In wheat grains, iron is located in the outer bran layers, most 
of which is lost during milling and processing (Zhang et al , 
2010; Regvar et al. , 201 1). The flour is almost devoid of iron. 
Hence, the development of wheat varieties with iron-enriched 
endosperm offers an important strategy to enhance dietary 
availability of iron in wheat flour. It is important to under- 
stand both the pathways that lead to the accumulation of 
iron in the aleurone layer and the bottlenecks that prevent its 
translocation from the outer bran layers into the endosperm. 
This study aims at exploring if there are differences in the 
mineral transport across different tissues and between wheat 
genotypes with contrasting levels of grain iron. Only a few 
studies have been made on the distribution of minerals in 
wheat grains (Regvar et al, 2011; Stomph et al, 2011) and 
barley (Lombi et al, 201 1). 

The spatial distribution of metals within biological tissues 
can be studied using micro-analytical techniques based on the 
emission of characteristic X-rays, excited either by charged 
particles (electrons, protons, or heavier particles) or photons 
(synchrotron radiation) (Vogel-Mikus et al, 2008; Moore 
et al , 2010; Regvar et al. , 201 1). Synchrotron-based micro-X- 
ray fluorescence (micro-XRF) allows the mapping of element 
distributions at the tissue, cellular, and subcellular levels and 
the in situ detection of chemical forms of elements by X-ray 
absorption near-edge structure spectroscopy (XANES). The 
only drawback of element distribution imaging employ- 
ing micro-XRF is the absence of suitable software for fully 
quantitative analysis. Studies using micro-XRF can provide 
elemental distribution maps constructed by displaying the 
number of counts integrated over the energy window, corre- 
sponding to the strongest Ka or La lines of the mapped ele- 
ments or integrated after X-ray spectra deconvolution, using 
software such as PyMCA (Sole et al, 2007) and normali- 
zation to dwell time and beam current (Lombi et al, 2011; 
Regvar et al, 2011; Tolra et al, 2011; Hansen et al, 2012). 
This makes the element distribution maps of tissues and 
cells of different origin and/or treatment and those recorded 
under different experimental conditions difficult to compare. 



Micro-proton-induced X-ray emission (micro-PIXE) on the 
other hand, offers fully quantitative element distribution 
analysis. In combination with scanning transmission ion 
microscopy (STIM), which provides the lateral thickness dis- 
tribution of the sample, micro-PIXE enables elemental map- 
ping and quantification of elemental concentrations in tissue 
sections (Mesjasz-Przybylowicz and Przybylowicz, 2002; 
Vogel-Mikus et al, 2008). 

The present study was aimed at investigating the distri- 
bution and chemical forms of iron in seed tissues of wheat 
genotypes with contrasting grain iron content. The micro- 
X-ray fluorescence -based imaging techniques do not require 
chemical destruction or milling of the grain to reveal the 
elemental composition of tissues or cell layers. micro-XRF 
and micro-PIXE were utilized to reveal iron localization and 
tissue-specific concentrations in seeds of four genotypes with 
differences in grain iron content. Fe K-edge XANES was 
employed to study the relative amounts of different valence 
states of iron present in the whole grain and to identify the 
dominant chemical environments around iron atoms in the 
grain tissues. 



Materials and methods 

Plant material 

Diverse genotypes of wheat were sown on the experimental field of 
National Agri-Food Biotechnology Institute (NABI), SAS Nagar 
(Mohali) Punjab, India (310 m above sea level; 30° AT N 76° 41' 
E) during the last week of October 2010. Mature grains were col- 
lected during April 2011 from genotypes with different grain iron 
concentration. Triticum aestivum L. IITR26 and its wild relative, 
Aegilops kotschyi acc. 3790, have 2- and 3-times more grain iron, 
respectively, than the cultivars T. aestivum Cv. WH291 and T. aesti- 
vum Cv. WL71 1 (Supplementary Fig. S1A, available at JXB online). 

Sample preparation for micro-XRF and micro-PIXE analysis 

The seeds were harvested along with the husk. The husk was 
removed with plastic forceps to extract the seeds, which were wiped 
with moist paper towel before the analysis. For micro-XRF analy- 
sis, the mature dried grains were cut transversely into 2-mm-thick 
sections with a stainless steel scalpel, which were then individually 
mounted on a piece of Kapton polyimide film for micro-XRF stud- 
ies. For micro-PIXE analysis, the mature dried grains were imbibed 
for 2 hours, dipped in tissue-freezing medium (Jung, Leica), and rap- 
idly frozen in liquid propane cooled by liquid nitrogen (Vogel-Mikus 
et al., 2008). The grains were then transferred to a cryomicrotome 
(CM3050, CM 1950 Leica Microsystems, Germany) and sectioned 
to 30-um-thick cross-sections (Vogel-Mikus et al. , 2009). The tem- 
perature of the microtome head and the chamber was in the range 
from -25 to -20 °C. The cross-sections were placed in pre-cooled 
aluminium holders, transferred to an Alpha 2-4 Christ freeze dryer 
using a cryo-transfer-assembly cooled by liquid nitrogen, and freeze 
dried at -30°C at a pressure of 0.3 mbar for 3 days. Dry grain cross- 
sections were mounted on the aluminium sample holder between 
two thin layers of Pioloform foil. 

Micro-XRF analysis 

A hard X-ray microprobe beamline, VESPERS (very sensitive ele- 
mental and structural probe employing radiation from a synchro- 
tron), was used for micro-XRF studies on grain sections at Canadian 
Light Source (CLS), Saskatoon, Canada. The beamline is equipped 
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with compound optics and a double crystal/multilayer monochro- 
mator and is capable of delivering both polychromatic (5-30 keV) 
and monochromatic beams with bandwidth of 0.01, 1.6, and 10%. 
A pair of KB mirrors is used to focus the beam down to a spot size 
of 2 x 2 um. Polychromatic beam was used for micro-XRF work 
to generate fluorescence spectrum from the sample. A step-by-step 
micro-XRF scan was performed in the air in both horizontal and 
vertical directions with 10 um step-size. Dwell time on each pixel is 
1 second. The fluorescence spectra on each pixel were recorded by 
a four-element Vortex silicon drift detector placed perpendicular to 
the beam path at a distance of 40 mm. Element maps were gener- 
ated from these fluorescence spectra using either beamline software 
(online) or PyMCA (offline) (Sole et al, 2007). 



Micro-PIXE analysis 

Micro-PIXE measurements and data analysis of grain sections were 
performed using nuclear microprobe at Jozef Stefan Institute as 
described previously (Vogel-Mikus et al, 2008, 2009; Lyubenova 
et al. , 2012). A proton beam with the energy of 2.5 MeV, 400 pA, and 
the size of 1 .5 x 1 .7 um 2 was raster scanned across the square-shaped 
area of selected size. The detection events at five simultaneously oper- 
ated detectors (low-energy X-ray detector, high-energy X-ray detec- 
tor, on-off axis STIM detector, elastic backscattering spectrometry 
(EBS) detector, and chopper EBS detector) were recorded in a list 
mode together with the corresponding beam position. Distinct mor- 
phological structures such as the testa, aleurone, endosperm, scutel- 
lum, and embryo were identified using STIM and the corresponding 
element distribution maps. Assuming a cellulose matrix, the average 
thickness of the selected area was calculated from the STIM spec- 
trum and used for matrix corrections in the GEOPIXE II software 
package (CSIRO Earth Science and Resource, Clayton, Australia) 
(Ryan, 2000), which was used also for fitting of obtained PIXE 
spectra and generation of quantitative element-distribution maps. 
The calibration of the PIXE method was verified by the analysis of 
the multi-elemental standard reference materials NIST SRM 1573a 
(tomato leaves, homogenized powder, analysed in a form of pressed 
pellet), NIST SRM 1107 (naval brass B, alloy), and NIST SRM 620 
(soda-lime flat glass). The inter-calibration of PIXE and STIM was 
verified by thin mono-elemental metallic foils. 



XANES analysis 

Intact grains (n = 10-15) were fixed on aluminium holders using 
scotch tape (free of Fe). X-ray absorption spectra were measured on 
intact grains in the fluorescence mode at C beamline of Hamburger 
Synchrotronstrahlungslabor (HASYLAB) synchrotron, DESY, 
Hamburg, Germany. The station provided unfocused beam. A pair 
of horizontal and vertical slits allowed the reduction of the beam 
size on the sample to about 5 x 1 mm, illuminating major part of the 
grains in the holder. A silicon (Si 1 1 1) double crystal monochromator 
was used with 1 eV resolution at the Fe K-edge (71 12eV). Harmonics 
were effectively eliminated by detuning the second monochromator 
crystal, keeping the intensity at 60% of the rocking curve with the 
beam stabilization feedback control. The intensity of the monochro- 
matic X-ray beam was measured by three consecutive 10-cm-long 
ionization chambers, first filled with 950 mbar nitrogen, second and 
third with argon at pressures of 390 and 500 mbar, respectively. 

The samples were inserted between the first and the second ioni- 
zation cells and positioned at the angle of 45° relative to the beam 
direction. A seven-pixel SDD fluorescence detector, positioned at 90° 
relative to the beam direction, was used to measure the intensity of the 
Fe-K a fluorescence radiation. The fluorescence spectra were obtained 
as the ratio of the fluorescence detector signal and the signal of the 
incident photon beam from the first ionization chamber with the inte- 
gration time of 4 or 1 s/step. Two repetitions were taken to check the 
reproducibility of individual scans and to improve the signal-to-noise 
ratio. No evidence of Fe K-edge shifts in consecutive scans of the 
samples was observed due to the absorbed dose of ionizing radiation. 



Exact energy calibration was established with simultaneous absorp- 
tion measurements on a 5-um-thick Fe metal foil placed between the 
second and the third ionization chamber in all experiments. Zero 
energy was taken at the first inflection point in the Fe metal spectrum 
(71 12eV), i.e. at the Is ionization threshold in the Fe metal. Absolute 
energy reproducibility of the measured spectra was ± 0.03 eV or better. 

The reference complexes of Fe and organic ligands (Fe(II) glu- 
tathione and Fe(II) phytate, Fe(II) sulphate, Fe(II) oxalate, Fe(III) 
phytate, Fe(III) sulphate, Fe(III) citrate) were prepared from 
FeCl 2 .4H 2 0 or FeCl 3 .6H 2 0 by mixing Fe compound and organic 
ligand in 1:10 molar ratio. Fe20 12 S3 X H 2 0, FeP0 4 Fe 2 (C 4 H 4 0 6 ) 3 , 
C 2 Fe0 4 .2H 2 0, C 6 H 5 Fe0 7 .H 2 0, Fe 3 0 4 , a-FeOOH, and Fe 2 0 3 were 
thoroughly mixed with pure microcrystalline cellulose and pressed 
into pellets with total absorption thickness of about 2. 

The analysis of XANES spectra was performed with the IFEFFIT 
program package ATHENA (Ravel and Newville, 2005). The rela- 
tive K-shell contribution in the absorption spectra measured in 
transmission detection mode was obtained by removing the extrapo- 
lated best-fit linear function determined in the pre-edge region (-50 
to -20 eV). By conventional normalization, extrapolating the post- 
edge spline background, determined in the range from 12 to 90eV, 
the Fe K-edge jump was set to 1. 



Results 

Micro-XRF maps 

Micro-XRF imaging was conducted by focussing the beam on 
the crease region to analyse the spatial distribution of iron in 
mature seeds of genotypes with contrasting grain iron con- 
tent. The crease is a mass of tissue placed in the ventral groove 
formed by the fusion of two maternal tissues, the funiculus 
(the stalk that joins the ovule to the carpel wall) and the cha- 
laza. In wheat seeds, nutrients are unloaded from the vascular 
tissue/strand that runs along the crease (Pearson et al, 1995). 
Nutrients supplied by the mother plant to the developing grain 
are transported through the maternal tissues of the crease to 
the endosperm (Stomph et al, 2011). The mineral transport 
route within the grain comprises of the pigment or vascular 
strand, the nucellar projection, the endosperm cavity, the aleu- 
rone transfer cells (bordering the endosperm cavity), and the 
subsequent layers of endosperm (Supplementary Fig. SIB). 

In all four genotypes, the aleurone layer was a hot spot 
for the accumulation of iron, with significantly very low 
signals in the endosperm (Fig. 1). The high-iron genotypes 
(A. kotschyi acc. 3790 and T. aestivum L. IITR26) showed a 
relatively high intensity of iron in the region of the pigment 
strand and the nucellar projection of the crease (Fig. 1A,B). 
In the low-iron cultivars (T. aestivum Cv. WH291 and T. aes- 
tivum Cv.WL711), the high-intensity region was towards the 
aleurone of the crease (Fig. 1C,D). 

Qualitative and quantitative mapping of iron distribution 

Micro-PIXE spectroscopy is an efficient technique for quali- 
tative and quantitative elemental distribution mapping in bio- 
logical samples, without chemical destruction (Vogel-Mikus 
et al. , 2009; Pongrac et al. , 201 1). Micro-PIXE was applied on 
cross-sections of whole grains and crease regions of the four 
genotypes. The micro-PIXE elemental imaging validated the 
localization of iron revealed by micro-XRF and also deter- 
mined the iron concentrations within the tissues (Fig. 2). 
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Fig. 1. Micro-XRF maps of cross-sectioned seeds of A kotschyi acc. 3790 (A), T. aestivum L. IITR26 (B), T. aestivum Cv. WH291 (C), 
and T. aestivum Cv. WL71 1 (D). The insets mark the regions of crease and aleurone for which magnified XRF maps are shown. The 
colour scale represents relative intensity of fluorescence, with blue and red corresponding to the lowest and highest accumulation of 
iron, respectively. Intensities of iron K-a line are expressed in counts s~ 1 mA~ 1 . 



In the case of A. kotschyi acc. 3790, a higher concentra- 
tion of iron was observed in the crease region, particularly 
in the vascular strand. The other iron-rich tissues were the 
nucellar projection, the crease aleurone, the aleurone, and the 
scutellum (Fig. 2A,E,F). The endosperm showed very low 
iron accumulation. 

Analysis of the iron distribution in T. aestivum L. IITR26 
established the nucellar projection as carrying the highest 
concentration. The next iron-rich tissues were the crease 
aleurone, the aleurone, and the scutellum. In the pigment 
strand, iron concentration was more than 6-times lower 
than in the nucellar projection, indicating the mobilization 
of iron from the vascular tissue to the nucellar projection 
(Fig. 2B,E,F). 

Micro-PIXE element maps of the low-iron cultivars 
depicted the crease aleurone, the nucellar projection, and the 



aleurone as major tissues for iron accumulation and locali- 
zation, followed by the scutellum and the vascular strand 
(Fig. 2C-F). In the nucellar projection, iron concentration 
was significantly less than in the aleurone. 

Along the mineral transport route (from vascular tissue 
to the nucellar projection to the crease-aleurone), in con- 
trast to the high-iron genotypes, a gradual increase in iron 
concentration was observed in both low-iron genotypes 
(Fig. 3C,D). In the case of the land race, a higher peak was 
apparent in the nucellar projection of the crease region, 
unlike in the two low-iron cultivars (Fig. 3B). On the other 
hand, in A. kotschyi, iron predominantly accumulated in the 
pigment strand (Figs. 2F and 3A). 

The iron accumulation pattern in the whole grain affirms 
the aleurone and the scutellum as iron-rich grain tissues in 
all genotypes (Fig. 2E). The most noticeable feature in all 
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Fig. 2. (A-D) Micro-PIXE images showing iron localization in cross-section of whole grain (left) and crease tissues (right) of 
A. kotschyi acc. 3790 (A), T. aestivum L. IITR26 (B), T. aestivum Cv. WH291 (C), and T. aestivum Cv. WL71 1 (D). (E, F) Iron 
accumulation patterns based on iron concentration in grain (E) and crease tissues (F) of the four genotypes. Values are mean ± SE ^g 
(g dryweight) -1 from selected tissues (Fig. S2) of two independently measured cuttings. The aleurone and seed coat in E are devoid 
of crease region. The endosperm in F corresponds only to the region around the crease. A, aleurone; CR, crease; EM, embryo; EN, 
endosperm; NP, nucellar projection; P, peripheral tissues (pericarp and seed coat); PE, pericarp; PS, pigment (vascular) strand; SCU, 
scutellum. 




Fig. 3. Fe localization maps and Fe and P micro-PIXE profiling in crease tissues (vascular tissue, nucellar projection, aleurone transfer 
cells) of grains of A. kotschyi acc. 3790 (A), T. aestivum L. IITR26 (B), T. aestivum Cv. WH291 (C), and T. aestivum Cv. WL71 1 (D). 
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genotypes was the presence of a significantly less amount of 
iron in the endosperm. The iron-rich outermost layer of aleu- 
rone was the major tissue where iron accumulated in all cases, 
but iron was not mobilized into endosperm. 

Speciation and coordination of environment of 
grain iron 

In Fe K-edge XANES, the relative fraction of valence states of 
the metal can be deduced from the energy shift of the absorp- 
tion edge (Arcon et al., 2007; Kuezma et al, 2009; Ortega 
et al, 2012). The iron oxidation state was first examined in 
ground and homogenized seed material pressed into pellets 
at XAS beamline of Elettra-Synchrotron (Trieste, Italy). The 
ferrous form could rarely be detected due to oxidation of iron 
during the grinding procedure (data not shown). To avoid oxi- 
dation, Fe-K edge XANES spectra were measured on intact 
seeds at C beamline (HASYLAB, Hamburg, Germany). 

Normalized Fe XANES spectra were obtained for the 
intact grain samples and reference compounds with well- 
established Fe 2+ and Fe 3+ valence states and local sym- 
metry of the Fe atom neighbourhood (Fig. 4). The Fe 
K-edge shifted to higher energies with increasing average 
Fe valence state. The iron compounds Fe(II) glutathione, 
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Fig. 4. Fe K-edge XANES spectra of grain samples from 
A. kotschyi acc. 3790, T. aestivum L. IITR26, T. aestivum Cv. 
WH291 , and T. aestivum Cv. WL71 1 and reference Fe compounds 
with octahedral coordination and valence states Fe 2+ and Fe 3+ : 
Fe(ll) glutathione (GSH), Fe(ll) sulphate, Fe(ll) oxalate, Fe(ll) phytate, 
Fe(lll) citrate, Fe(lll) sulphate, Fe(lll) phosphate, and Fe(lll) phytate) 
(this figure is available in colour at JXB online). 



Fe(II) sulphate, Fe(II) phytate, Fe(II) oxalate, Fe(III) 
phytate, Fe(III) sulphate, Fe(III) citrate, Fe(III) phosphate 
(Fig. 4), and Fe 3 0 4 , a-FeOOH, and Fe 2 0 3 (not shown), 
with known Fe valence states, Fe 2+ and Fe 3+ , and known 
local symmetry of Fe atom neighbourhood, were selected 
for reference. A shift of about 4.5 eV was found between 
the spectra of the Fe 2+ and Fe 3+ compounds (Fig. 4), in 
agreement with previous observations (Arcon et al, 2007). 
The symmetry of the Fe cation and the type of Fe ligand 
were reflected in a characteristic shape of the Fe K-edge 
and pre- and post-edge resonance structures in the XANES 
spectrum. The energy position of the Fe K-edge in the 
intact grain samples was close to the edge position of Fe 3+ 
compounds (Fig. 4), confirming that iron in the sample was 
predominantly ferric ion. 

The Fe XANES spectra of grains were fitted with linear 
combination of XANES spectra of the aforesaid reference 
compounds (Kuezma et al, 2009; Dominko et al, 2010). The 
linear combination fitting analysis determined the relative 
amount of Fe(II) (14-23%) and Fe(III) (77-86%) cations in 
the samples with a precision of ± 3% (Fig. 5). In A. kotschyi 
acc. 3790, T. aestivum WH291, and T. aestivum WL711), the 
best fit was obtained with combination of Fe(II) phytate, 
Fe(III) phytate, and Fe(III) sulphate (Fig. 5A,C,D), while in 
T. aestivum IITR 26 the best fit was with Fe(II) phytate and 
Fe(III) phytate (Fig. 5B). 

The results indicated the presence of Fe-O-P-R and 
Fe-O-S-R coordination in the local environment of fer- 
rous and ferric iron, respectively. However, the estimates 
of iron complexes comprising Fe-O-P-R and Fe-O-S-R 
were made with rather low precision (± 10%). This was 
due to relatively small differences between Fe phytate 
and Fe sulphate spectra and relatively high noise of the 
grain spectra. Thus, this study determines the fractions 
of Fe(II) and Fe(III) oxidation states in grains of the four 
genotypes (Fig. 5). As far as is known, the proportion of 
iron species in wheat grains has not been reported earlier. 

Co-occurrence analysis of iron with phosphorus and 
sulphur 

Spatial distribution of P and S was studied in the grain cross- 
sections of all genotypes to examine their co-occurrence 
with iron using micro-PIXE. P was predominantly present in 
the aleurone, the scutellum, and to some extent, the embryo 
region, whereas it was very low in the endosperm (Fig. 6). On 
the other hand, in addition to the aleurone, S was visualized 
in the form of several scattered spots in the endosperm region. 
The S spots were proportionately fewer in the low-iron culti- 
vars than in the land race and its wild relative (Fig. 6). The 
pattern of the amount of spots of S in endosperm coincided 
with that of iron in each genotype. In order to analyse in more 
detail the co-occurrence of iron, phosphorus, and sulphur in 
the tissues of the mineral transport route of wheat grains, a 
zoomed area of the crease was scanned by micro-PIXE. 

In the low-iron cultivars, iron signals were detected in 
an increasing gradient from the pigment strand to the 
nucellar projection and then to the aleurone transfer cells. 
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Fig. 5. (A-D) Fe XANES spectra measured on the intact grains of A kotschyi acc. 3790 (A), T. aestivum L. IITR26 (B), T. aestivum Cv. WH291 
(C), and T. aestivum Cv. WL71 1 (D). Solid black lines, experiment; dashed magenta line, best-fit linear combination of XANES profiles of Fe(ll) 
phytate, Fe(lll) phytate, and Fe(lll) sulphate. (E) Proportion of ferric and ferrous iron in the grains (this figure is available in colour at JXB online). 



A high-concentration peak of P overlapping with iron was very little phosphorus. Sulphur was co-localized with iron 
evident in the aleurone transfer cells (Fig. 3C,D). The pig- in the nucellar projection cells (WH291, Mander's overlap 
ment strand and the nucellar projection had low iron and coefficient, R = 0.824; WL711, R = 0.625), which gradually 
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reduced in the aleurone transfer cells (Supplementary Fig. 
S3C,D). In comparison to the nucellar projection, the con- 
centration of S was significantly lesser in the pigment strand 
and the aleurone transfer cells. 

In the case of the high-iron land race and its wild relative, 
Fe accumulation was more prominent in the pigment stand 
and the nucellar projection, respectively, in comparison to the 
aleurone transfer cells. P concentration was significantly high 
in the aleurone transfer cells. S accumulation was distinctly 
higher in the pigment strand as well as the nucellar projection 
(Supplementary Fig. S3A,B). The preferential occurrence 
of S in the crease tissues, the lesser concentration of Fe in 
the aleurone transfer cells, and the more spots of Fe in the 
endosperm in the wild relative and the land race suggest that 
S may have a role in iron transport and accumulation in the 
grains. 

Discussion 

To design strategies for the iron biofortification of cereals, 
it is important to understand the tissue-specific localization 
of the elements at high resolution and the chemical state of 
the deposited minerals. This work performed iron imaging 
studies on four genotypes that show differences in grain iron 
concentration (Supplementary Fig. SI A). A comparison of 
thousand kernel weight shows that the total iron uptake in 
the four genotypes is fairly comparable (Supplementary Fig. 
SIC). Although the concentration effect has been pointed out 
to be due to small seed size (Calderini and Ortiz-Monasterio, 
2003; Oury et al, 2006), the small-seeded Triticum and wild 
Aegilops species have proved useful genetic materials for 
micronutrient enhancement in wheat cultivars (Rawat et al, 
2009a,b; Tiwari et al, 2010). This information can be helpful 
to understand how minerals are transported and deposited in 
grains of different genotypes. 

XRF imaging of the crease region of grains showed dis- 
tinct differences in the pattern of iron distribution in the four 
genotypes (Fig. 1). Micro-PIXE imaging further corrobo- 
rated the XRF results, affirming that iron allocation tends to 
be higher in the pigment strand and the nucellar projection of 
the high-iron genotypes. The surplus iron transported to the 
grains of high-iron genotypes appears to get stuck in the vas- 
cular and nucellar projection tissues. In the case of the low- 
iron cultivars, the crease aleurone cells contained more iron 
than the vascular and nucellar projection cells (Fig. 2C-F). 
The X-ray fluorescence imaging (XRF and PIXE) suggested 
that iron accumulation shifted from the vascular bundle to 
the nucellar projection and the aleurone as the land races 
were improved by breeders to develop high-yielding culti- 
vars (Fig. 3). The results are in agreement with the previous 
reports which found a prevalence of iron in vascular cells and 
a gradual decrease in its concentration from the vascular bun- 
dle and the nucellar projection to the endosperm, suggesting 
a critical role of the vascular bundle and the nucellar projec- 
tion in regulating mineral transport towards the endosperm 
(Cvitanich et al, 2010; Stomph et al, 2011). 

In wheat grains, most of the iron is believed to be largely 
complexed with phytic acid via ionic associations with 



negatively charged phosphates in aleurone globoids (Regvar 
et al, 2011). However, very little is known about the propor- 
tion of chemical forms of iron (ferric or ferrous) present 
within wheat grains. Recent developments in the area of 
synchrotron-based spectroscopy techniques have fostered Fe 
K-edge XANES as a reliable technique to obtain informa- 
tion about the oxidation state and molecular geometry of 
elements in biological samples in situ without the need for 
sample preparation that may cause alterations in chemical 
species (Ortega et al, 2012). Fitting linear combinations of 
reference XANES spectra to unknown XANES spectra is a 
reliable approach to determine the average valence state of an 
element in a sample. The reference compounds should have 
known valence states of the element to be analysed, with sim- 
ilar symmetry, the same type of neighbour atoms in the near- 
est coordination shells, and a similar local structure (Arcon 
et al. , 2007; Kuezma et al. , 2009). As different Fe compounds 
produce different Fe K-edge profiles, linear combination fit- 
ting analysis helps to identify not only the relative amount 
of Fe(II) and Fe(III) valence states, but also the abundant 
elements in local chemical environment of Fe in the sample. 
Implementation of 'bulk' Fe K-edge XANES on intact grains 
resolved iron speciation as being 77-86 ± 3% ferric and the 
remainder as ferrous in mature seeds. It was of interest to 
study other elements in coordination with Fe(II) and Fe(III). 
The results suggest the storage of ferrous iron, possibly as 
Fe(II) phytate. Recently, phytic acid has been reported to 
sequester both Fe(II) and Fe(III) (Quirrenbach et al, 2009; 
Bretti et al. , 2012a,b). The present results showed that most of 
the Fe(III) was in association with O and P. About 19% of tri- 
valent iron was found in coordination of O and S. The results 
agree with the fact that P and S are major constituents of 
iron-binding compounds in grains. Phytic acid is known to be 
the predominant form of Fe, O, and P compounds in grains. 
It can be speculated that Fe may be associated with biologi- 
cal sulphate (Steinfurth et al, 2012), metalloproteins (such 
as ferritin, comprising of mineral centre of ferric ions linked 
by oxygen atoms), or any other organic or bioinorganic com- 
plexes present in grains. The Fe, O, and S compounds may 
also be indicative of the presence of sulphate bridges between 
two ferric ions, coordinated to two phytate ions (Thompson 
and Erdman, 1982). The spectra for Fe, O, and S complexes 
were absent in the grains of IITR 26. It is possible that the 
iron compounds, having local environment of O and S, may 
be present in T. aestivum L. IITR26 in an amount lesser than 
the sensitivity limit of bulk XANES. 

Co-localization of the lighter elements P and S was analysed 
along with iron to understand their co-occurrence with iron in 
the grains. The iron distribution followed closely the pattern 
observed for P in aleurone and scutellum (Fig. 6). It is likely 
that iron is bound to myoinositol 1,2,3,4,5,6-hexakisphos- 
phate, forming insoluble complexes in the phytin globoids of 
the aleurone, the scutellum, and the embryo (Perronnet et al. , 
2000). The very low levels of P in the endosperm suggest that 
Fe may be associated in complexes other than phytic acid in 
the endosperm. In a recent study of high-resolution secondary 
ion mass spectrometry (NanoSIMS) images, low P signals were 
reported in starch grains of the endosperm, presumably in the 
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Fig. 6. Quantitative micro-PIXE images showing localization of P, S, and Fe in cross-sections of seeds of A. kotschyi acc. 3790, 
T. aestivum L. IITR26, T. aestivum Cv. WH291 , and T. aestivum Cv. WL71 1 . Colour bars indicate element concentrations in \ig (g 
dryweight) -1 . 



form of lysophospholipids. On the other hand, Fe surrounding 
the starch grains and in the nuclei of endosperm cells might be 
associated with ferritin or other proteins (Moore et al, 2010). 

The present study noticed that the proportion of Fe spots 
coincided with those for S in the endosperm. The propor- 
tional association in the contrasting genotypes suggested a 
probable role of sulphur complexes or sulphur proteins in 
iron mobilization in the endosperm (Fig. 6). It was, therefore, 
relevant to analyse the allocation of Fe, P, and S in the crease 
tissues. Distinct patterns of occurrence of Fe, P, and S were 
observed in the vascular strand, the nucellar projection, and 
the aleurone transfer cells. 

In the low-iron cultivars, the co-accumulation of Fe and 
S was noticed in the nucellar projection, whereas the aleu- 
rone transfer cells were richer in Fe and P. It may be possi- 
ble that Fe is bound to sulphur-rich peptides in the nucellar 
projection and that these sulphur complexes play critical role 
in iron transport at the maternal-filial interface. High levels 
of expression of several metal homeostasis genes have been 
reported in the nucellar projection transfer cells of develop- 
ing barley grains (Tauris et al, 2009). This is in agreement 
with the prevalence of S in the nucellar projection of wheat. 

The distribution of Fe, P, and S in the high-iron land race 
and its wild relative was in contrast to that in the low-iron cul- 
tivars. Iron and phosphorous were predominant in different 
tissues in the high-iron genotypes, but co-localized in aleurone 
transfer cells in the low-iron cultivars (Fig. 3). A signifi- 
cant amount of iron in the vascular bundle and the nucellar 



projection of the high-iron genotypes is free from phospho- 
rus and hence possibly more bioavailable. This agrees with 
the enhanced bioavailability of grain iron in A. kotschyi acc. 
3790 and its wheat derivatives in comparison to T. aestivum 
L. WL71 1 (Salunke et al, 201 1). S was consistently present in 
the vascular bundle and the nucellar projection as well as the 
transfer cells in the high-iron genotypes (Supplementary Fig. 
S3A,B), but was predominant in the nucellar projection in 
low-iron cultivars (Supplementary Fig. S3C,D). The presence 
of S in all tissue types of the crease, including aleurone trans- 
fer cells, in high-iron genotypes, might lead to less Fe in the 
aleurone transfer cells (Fig. 6A,B). This may be due to mobili- 
zation of Fe towards the endosperm (Fig. 2A,B). However, Fe 
tends to localize more in the outermost layer of the endosperm 
(the aleurone) in all genotypes (Fig. 2E). The transcriptome 
and proteome of the nucellar projection (the chalazal as well 
as the transfer cells) of contrasting wheat genotypes need to 
be examined at the grain-filling stage to understand the pos- 
sible role of S-containing compounds in iron loading in the 
endosperm. However, biofortification approaches may suc- 
ceed by enhancing the efflux of iron to endosperm from nucel- 
lar projection and aleurone transfer cells. 

In conclusion, this study illustrates the localization of 
iron in wheat genotypes with contrast in grain iron content. 
Striking differences were noticed in the Fe, P, and S distri- 
bution patterns along the route from the maternal to the 
filial tissues in the wild relative, the land race, and the low- 
iron cultivars. The results suggest that the development of 
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high-yielding wheat cultivars has led to the selection of varie- 
ties in which iron transport and localization shifted from the 
maternal tissue to the filial tissue aleurone. Although it is not 
known whether there is a negative association between iron 
in the endosperm and the yield/quality of wheat grain, little 
iron is transported to endosperm tissue. This report is the first 
estimate of the proportion of Fe species in mature grains: 
14-23 ± 3% is ferrous and the rest is ferric. It remains to be 
examined if the relative proportions of ferrous and ferric spe- 
cies and the spatial differences in the localization of iron and 
phosphorous in grains of different wheat genotypes influence 
the bioavailability of grain iron in a wheat diet. 



Supplementary material 

Supplementary data are available at JXB online. 

Supplementary Fig. SI. Iron concentration in mature 
grains of the four genotypes, transverse sections of the crease 
regions and the route of mineral transport, and thousand 
kernel weights of the four genotypes. 

Supplementary Fig. S2. Marked tissues for the calculation 
of iron concentration in cross-sections of whole grains and 
crease tissues of the four genotypes. 

Supplementary Fig. S3. Iron, phosphorous, and sulphur 
co-localization map and micro-PIXE profiles in the crease 
tissues of the four genotypes. 
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